Aberrant genetic alternations in human gliomas, such as amplification of epidermal growth factor receptor, mutation and/or deletion of tumor suppressor gene PTEN, and mutations of PIK3CA, contribute to constitutive activation of the phosphatidylinositol 3-kinase (PI3K) pathway. We investigated the potential antitumor activity of NVP-BEZ235, which is a novel dual PI3K/mammalian target of rapamycin (mTOR) inhibitor in gliomas. The compound suppressed glioma cell proliferation with IC 50 values in the low nanomolar range by specifically inhibiting the activity of target proteins including Akt, S6K1, S6, and 4EBP1 in the PI3K/ Akt/mTOR signaling pathway. NVP-BEZ235 treatment of glioma cell lines led to G 1 cell cycle arrest and induced autophagy. Furthermore, expression of the vascular endothelial growth factor (VEGF), which is an important angiogenic modulator in glioma cells, was significantly decreased, suggesting that NVP-BEZ235 may also exert an antiangiogenic effect. Preclinical testing of the therapeutic efficacy of NVP-BEZ235 showed that it significantly prolonged the survival of tumor-bearing animals without causing any obvious toxicity. Tumor extracts harvested from animals after treatment showed that the compound inhibited the activity of target proteins in the PI3K/Akt/mTOR cascade. Immunohistochemical analyses also showed a significant reduction in staining for VEGF von Willebrand factor (factor VIII) in NVP-BEZ235-treated tumor sections compared with controls, further confirming that NVP-BEZ235 has an antiangiogenic effect in vivo. We conclude from these findings that NVP-BEZ235 antagonizes PI3K and mTOR signaling and induces cell cycle arrest, down-regulation of VEGF, and autophagy. These results warrant further development of NVP-BEZ235 for clinical trials for human gliomas or other advanced cancers with altered PI3K/Akt/mTOR signaling.
Introduction
The most frequent alterations observed in primary glioblastoma are amplification of the epidermal growth factor receptor (EGFR) gene (1), mutation and deletion of the PTEN gene (2, 3) , and mutations of the PIK3CA gene (4) . These findings suggest that such genetic alterations contribute to the uncontrolled phosphatidylinositol 3-kinase (PI3K) activity and, thus, the increased phosphorylation and activation of Akt. Because PI3K is an essential lipid kinase that controls many pathways involved in cell proliferation, apoptosis, and angiogenesis and plays a key role in glioma development and its aggressive behavior, multiple biotech and pharmaceutical companies and academic centers have mounted drug discovery efforts to develop targeted small molecular mass kinase inhibitors of PI3K. Indeed, one PI3K modulator, LY294002, has already shown in vivo efficacy in the treatment of malignant glioma (5) . Similarly, another PI3K modulator, wortmannin, showed marked antitumor activity both in vitro and in vivo (6) . Recently, a novel class of wortmannin derivatives has been identified and shown greater chemical stability, lower toxicity, and greater antitumor activity than the parent compound (7) . Cells with abnormalities in PTEN or amplification of PI3K are particularly sensitive to these inhibitors. Even more recently, a dual PI3K/mammalian target of rapamycin (mTOR) inhibitor showed emergent efficacy in gliomas during laboratory testing (8) .
Researchers at Novartis Institutes have developed a new class of PI3K inhibitors with multiple-target capabilities for Biomedical Research using a structure-based discovery approach. NVP-BEZ235 is an imidazo [4,5-c] quinoline derivative ( Fig. 1 ) that inhibits PI3K and mTOR kinase activity by binding to the ATP binding cleft of these enzymes: IC 50 = 4, 76, 7, 5, and 21 nmol/L against p110α, p110β, p110γ, p110δ, and mTOR, respectively. Further characterization of NVP-BEZ235 has shown that it poorly inhibits a representative panel of protein kinases in biochemical assays (9) . The specificity against PI3K/mTOR observed in biochemical profiling has been further confirmed in cellular settings (9) . Thus, NVP-BEZ235 is able to effectively and specifically block the dysfunctional activation of the PI3K/mTOR pathway in human tumor cell lines. In the present study, we showed the effect of NVP-BEZ235 on PI3K/mTOR signaling and glioma cell growth in vitro as well as its therapeutic efficacy in vivo.
Materials and Methods

Cell Lines and Culture Conditions
We used the following cell lines: U87, LN229, U251, LN428, D54, and LN18. All cell lines were maintained as monolayer cultures in DMEM/F12 supplemented with 10% fetal bovine serum and penicillin-streptomycin (all from Life Technologies, Inc.).
Reagents NVP-BEZ235 was provided by Novartis Pharma AG. For in vitro use, NVP-BEZ235 was dissolved in DMSO (SigmaAldrich Corp.) to a concentration of 10 mmol/L, stored at −20°C, and further diluted to an appropriate final concentration in DMEM at the time of use.
Cell Proliferation Assay
The antiproliferative effect of NVP-BEZ235 on cells growing in culture was determined using the sulforhodamine B assay, as described previously (10) .
Cell Cycle and Autophagy Analyses Glioma cells were plated in 60-mm plates and treated with NVP-BEZ235 for 72 h. After that, cells were fixed in 70% ethanol in PBS and stored at −20°C for 24 h. Propidium iodide staining of DNA was done to determine the cell cycle distribution using a BD FACS Calibur flow cytometer and CellQuest software (BD Biosciences). For autophagy analysis, cells were plated in a six-well plate and treated with desired concentrations of NVP-BEZ235 for 72 h; after which, the medium was removed and the cells were incubated in 1 μg/mL acridine orange solution at 37°C for 15 min. Cells were then trypsinized, resuspended in PBS, and analyzed for autophagy using a BD FACS Calibur flow cytometer and CellQuest software.
Western Blotting Analysis
Glioma cells were serum starved for 24 h before the incubation of 50 nmol/L NVP-BEZ235 for an additional 6 h. Various concentrations of growth factors [insulin-like growth factor, 100 ng/mL; EGF, 50 ng/mL; platelet-derived growth factor, 50 ng/mL; and vascular endothelial growth factor (VEGF), 20 ng/mL] were then added to the cell cultures for 15 min. Cells were then harvested and extracts were made for immunoblotting analysis. The membrane was probed with primary antibodies. Primary antibodies used in this study were phospho-Akt (Ser 473 ), total Akt, phospho-mitogen-activated protein kinase (MAPK; Thr 202 /Tyr 204 ), total MAPK, phospho-S6K1, total S6K1, phospho-S6, and total S6 (Cell Signaling). Anti-β-actin antibody was purchased from Sigma-Aldrich.
Intracranial Animal Model Study Male nude mice were purchased from the National Cancer Institute-Frederick Cancer Research and Development Center (Frederick, MD). Mice were maintained in a pathogenfree environment and used in accordance with the Animal Care and Use Guidelines of The University of Texas M. D. Anderson Cancer Center. Mice used for this study were 6 to 8 wk old. In this study, 5 × 10 5 U87 cells in DMEM/ F12 serum-free medium (SFM; 5 μL) were implanted intracranially in each mouse using a guide-screw system, as described previously (11) . Four days after injection of the tumor cells, mice were randomized into three groups (10 animals per group). Mice in group 1 were given 25 mg/kg NVP-BEZ235 in 200 μL of NMP/PEG300 (1:9, v/v) solution, mice in group 2 were given 45 mg/kg NVP-BEZ235 in 200 μL of NMP/PEG300 (1:9, v/v) solution, and mice in group 3 were given the vehicle used for administration of NVP-BEZ235 (control). NVP-BEZ235 in all animals was administered via oral gavage and freshly prepared every day before administration to animals. Treatment frequency was once a day for 5 d with 2 d off between treatments for a total duration of 4 wk. Mice were monitored daily and euthanized 
ELISA Assay and Immunohistochemical Staining
We did human VEGF ELISA analysis to quantify secretory VEGF165 in the conditioned medium according to the manufacturer's instructions (R&D Systems). Cells were treated with different concentrations of NVP-BEZ235 and VEGF was quantified in the conditioned medium as described previously (12) . Sections (5 μm thick) of formalin-fixed, paraffin-embedded whole brains from control vehicle and NVP-BEZ235-treated animal specimens were stained with anti-factor VIII antibodies (1:300 dilution; Santa Cruz Biotechnology). The level of expression of factor VIII was determined by standard immunohistochemical staining. The sections were visualized by using a diaminobenzidine substrate kit. The slides were examined under a bright-field microscope.
Statistical Analyses For the in vitro experiments, statistical analyses were done using a two-tailed Student's t test. Data are given as the mean ± SD. The in vivo therapeutic efficacy of NVP-BEZ235 was assessed by plotting the Kaplan-Meier survival curves of animals, and group data were compared using the log-rank test.
Results
NVP-BEZ235 Inhibits Glioma Proliferation and Attenuates PI3K/Akt/mTOR Signaling
The sulforhodamine B assay to assess glioma cell growth showed that NVP-BEZ235 effectively suppressed glioma cell growth at nanomolar concentrations (Fig. 1A) . We did observe a dose-dependent growth inhibition in glioma cells tested in nanomolar range of NVP-BEZ235 tested.
The activity of NVP-BEZ235 as a modulator of the PI3K/ Akt/mTOR pathway was supported by Western blot analyses of different components of this signal pathway. NVP-BEZ235 treatment reduced the phosphorylation of Akt (Fig. 1B) and also reduced the activation of intracellular Akt downstream targets, including p70S6K and pS6. However, NVP-BEZ235 did not interfere with the MAPK activation, suggesting that NVP-BEZ235 selectively blocks the PI3K/Akt pathway.
NVP-BEZ235 Blocks Growth Factor-Induced PI3K/ Akt/mTOR Signaling
To test if NVP-BEZ235 can effectively perturb growth factor-induced PI3K signaling, cellular extracts from serum-starved glioma cell lines incubated in the presence or absence of 50 nmol/L NVP-BEZ235 stimulated with or without several growth factors were subjected to immunobloting for the expression of phosphorylated and total Akt, S6K1, MAPK, and S6 proteins. In U87 cells, the phospho-Akt level was induced between unstimulated and growth factor-stimulated samples ( Fig. 2) and NVP-BEZ235 significantly inhibited the phospho-Akt. In contrast, growth factor stimulation caused variable phospho-Akt activation in LN229 cells, a wt-PTEN cell line. Expression of phospho-S6K1 and S6K1 downstream target protein S6 was also evaluated by growth factor stimulation, and NVP-BEZ235 blocked the mTOR activity in both cell lines, suggesting that NVP-BEZ235 is an effective antagonist of mTOR.
NVP-BEZ235 Causes Cell Cycle Arrest and Induces Autophagy
We examined the effect of NVP-BEZ235 on glioma cell cycle progression. Results shown in Fig. 3A revealed that NVP-BEZ235 treatment leads to G 1 cell cycle arrest. In addition, studies have shown that anticancer drugs induce a type II programmed cell death, namely, autophagy (13, 14) . We also examined whether NVP-BEZ235 treatment induces autophagy in glioma cells as quantified acidic vesicular organelle (AVO) development by fluorescence-activated cell sorting (FACS) using vital staining with an acridine orange fluorescence dye (15) . The percentage of AVO-positive cells showing prominent red fluorescence significantly increased in cells treated with NVP-BEZ235 (Fig. 3B) , indicating that NVP-BEZ235 induced the development of AVOs in glioma cells tested. We also examined the expression of the LC3 proteins, a hallmark of cells undergoing autophagy (16, 17) . Results from the immunoblotting analysis with anti-LC3 antibody shown in Fig. 3C (bottom) indicate that LC3 is involved in NVP-BEZ235-induced autophagy and that NVP-BEZ235 stimulates the conversion of a fraction of LC3-I into LC3-II.
NVP-BEZ235 Prolongs Survival of U87 Intracranial Tumor Model
We evaluated the therapeutic efficacy of NVP-BEZ235 in vivo in an intracranial model in which the primary end point was animal survival (11) . We used U87 glioma cell lines. The median survival was 28 days in vehicle control animals (Fig. 4A) . In contrast, treatment with NVP-BEZ235 at doses of 25 or 45 mg/kg extended the median survival of U87 xenograft animals by 7 and 14 days, respectively (P = 0.025 and P = 0.014, respectively) compared with vehicle-treated animals. Animal weights were measured during the course of the experiment and revealed minimal, nonstatistically significant weight fluctuations in animals receiving NVP-BEZ235 compared with controls (Fig. 4B) , indicating that NVP-BEZ235 at the therapeutic dosages and schedule used in this study was well tolerated by the tumor-bearing animals. In addition, the sizes of both untreated and treated tumors were measured; NVP-BEZ235-treated tumors were much smaller than vehicletreated control tumors. The tumor volume after 4 weeks reached ∼110 mm 3 in control tumors, whereas the animals treated with NVP-BEZ235 at 25 and 45 mg/kg showed tumor volumes of 70 and 30 mm 3 , respectively (Fig. 4C) . The lysates of tumor tissue from animals treated with NVP-BEZ235 showed a dramatic change in the ratio of cytosolic LC3-I to membrane-bound LC3-II, a modification that is essential for the induction of autophagy, indicating that autophagy is involved in tumor growth retardation in vivo (Fig. 4D) . We also examined the effect of NVP-BEZ235 on the components of the PI3K/mTOR signaling pathway in vivo. Tumor extracts from animals after 2 and 4 weeks of NVP-BEZ235 treatment (Fig. 4E) showed influence of NVP-BEZ235 on PI3K signaling after 4 weeks of administration, as evidenced by the decreased phosphoAkt, phospho-S6K1, and phospho-S6 levels.
NVP-BEZ235 Attenuates VEGF Secretion and Inhibits Factor VIII Expression
One of the important tumor suppressor functions of PTEN is to control tumor angiogenesis by regulating VEGF expression (17) . Aberrant PI3K signaling due to impaired PTEN function plays important roles in normal vascular development and in tumor angiogenesis (18) . We therefore examined whether NVP-BEZ235 can influence VEGF secretion in glioma cells and thereby interfere with tumor angiogenesis in vivo. U87 cells (19) were treated for 48 hours with different concentrations of NVP-BEZ235 (Fig. 5A) , and levels of VEGF secreted in SFM were measured with an ELISA kit. Cells treated with NVP-BEZ235 showed a dose-dependent decrease in VEGF secretion. Immunohistochemical analysis further showed a significant reduction in factor VIII-positive staining in NVP-BEZ235-treated tumor sections compared with control sections, suggesting that NVP-BEZ235 may be involved in inhibiting tumor angiogenesis in vivo (Fig. 5B) .
Discussion
PI3K is a pivotal lipid kinase involved in transmitting signals from various growth factors to promote cell growth (20) . In cancers, including gliomas, PI3K-dependent activity is frequently elevated due to amplification (1) and/or gainof-function mutations (4) of the PI3KCA gene as well as loss of function of the PTEN tumor suppressor gene (2, 3). These observations have made PI3K an attractive therapeutic target for small molecular mass inhibitors to be used in the treatment of cancers, including gliomas. In fact, several groups have already reported the antitumor efficacy of different forms of PI3K modulators (8, 10) . Recently, a novel class of a dual pan-PI3K/mTOR inhibitor (i.e., NVP-BEZ235) has been generated using a structure-based design approach.
As evidenced by the nanomolar range of IC 50 values obtained in our cellular studies, NVP-BEZ235 can effectively block glioma cell proliferation. The antiproliferative activity of NVP-BEZ235 occurs partly through inhibition of cell cycle progression in glioma cells. Regardless of their PTEN status, glioma cells treated with BEZ235 showed G 1 cell cycle arrest with no apparent induction of apoptosis. Thus, apoptosis could not have accounted for the potent effect of NVP-BEZ235 on glioma cell growth. Recently, several lines of evidence have shown that small molecular mass inhibitors, such as imatinib (21), curcumin (22) , and temozolomide (23), induce a type II programmed cell death, autophagy, which suggests that autophagy may be a response of tumor cells to the blockage of signals for survival. Indeed, in our study, NVP-BEZ235 caused significant autophagy, as shown by both FACS analysis for acridine-positive cells and the intensity of LC3-II expression, a cleaved product of LC3-I. Further, the extent of autophagy induced among glioma cell lines in our study substantiates their sensitivity to NVP-BEZ235, suggesting that the PI3K and mTOR signal nodes may regulate autophagy in glioma cells. Consistent with this observation, Takeuchi et al. (24) recently showed that the combination of the PI3K inhibitor LY294002 with rapamycin synergistically augmented autophagy in glioma cells.
The therapeutic efficacy of NVP-BEZ235 was further substantiated in intracranial animal model in which the median survival was extended by 14 days in animals treated with 45 mg/kg NVP-BEZ235, as opposed to survival in animals treated with vehicle control. An important characteristic of NVP-BEZ235 from the standpoint of its use in patients is its apparent safety. Animals that received BEZ235 not only survived longer than control animals but also tolerated the treatment well. As we observed, NVP-BEZ235 caused no abnormal fluctuation in weight throughout the period of the experiment, strongly suggesting the potential therapeutic benefit of this small molecular mass inhibitor in cancer patients.
One important characteristic of human gliomas is their vascularity, which often results from the amplification of growth factor receptors, particularly EGFR (25), or from elevated levels of angiogenic factors, such as VEGF (19) . Recently, a clinically approved EGFR inhibitor gefitinib (Iressa) was found to decrease VEGF expression in squamous cell carcinoma cells, and this effect was found to be reversed by exogenous Akt expression (26) . This suggests that the growth factor receptor/PI3K/Akt signal axis regulates VEGF expression and hence possibly tumor angiogenesis as well. Inhibition of the mTOR signal node by NVP-BEZ235 can also affect VEGF expression because the hypoxia-inducible factor-1α is a critical factor controlling the VEGF level and is a target of both mTOR signaling (27) and PTEN (28) . Indeed, NVP-BEZ235 treatment led to a significant reduction in VEGF secretion in cells in cultures and greatly diminished the staining of factor VIII in tumor specimens from a xenograft animal model, a factor that has been used to measure angiogenesis (29) and predict tumor recurrence (30) .
In summary, our results show the potential utility of a new class of dual PI3K/mTOR inhibitors for cancer management, including human gliomas. The oral administration of NVP-BEZ235 not only significantly prolonged survival in animals but also was well tolerated by animals. The statistically significant therapeutic efficacy of NVP-BEZ235 is attributed to its concerted antitumor effects, including cell cycle arrest, autophagy induction, and antiangiogenesis. Based on these findings, clinical use of NVP-BEZ235 in the treatment of glioma patients should be further explored. 
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